INTRODUCTION
The ice regime of a river depends on climate (air temperature), hydrodynamic (flow rate), and anthropogenic (e.g., temperature of effluents input to the river, hydro-technical facilities) factors and the type of river feeding (e.g., temperature of ground water) (Ðarauskienë and Jurgelënaitë, 2008) . However, air temperature is the main factor that regulates ice formation on rivers and lakes (Magnuson et al., 2000; Kïaviòð et al., 2009) . Studies of changes in air temperature in the Northern hemisphere during the 20 th century indicate that warming of the climate occurred in the period 1920-1940 followed by a period of worsening of the climate conditions. During the last few decades before the turn of the 21 st century, however, a more rapid increase in air temperature and warming of the global climate was observed (Anonymous, 2007) . Many studies have shown increased duration of the ice-free period, an increasing trend in ice freeze-up dates and a decreasing trend in ice break-up dates of rivers and lakes (e.g., Magnuson et al., 2000; Ðarauskienë and Jurgelënaitë, 2008; Kïaviòð et al., 2009; Solomon and Knut, 2011) . Hydro-technical facilities, e.g., construction of a hydro power plant (HPP) on a river, also can affect long-term changes of ice phenology. There are very few such studies that have been carried out on the Daugava River (Glazacheva, 1963; 1965) and on the Nemunas River (Ðarauskienë and Jurgelënaitë, 2008) .
The Daugava River is the largest river in Latvia and one of the largest rivers in the Baltic Sea catchment. Along its length ice freezing and breaking-up processes differ among sections, in relation to the hydrodynamic conditions of the river-bed, climate conditions, and anthropogenic activities. The ice regime of the Daugava River in the beginning of the 1930s was studied by Stakle (Stakle, 1933) and in the beginning of the 1940s by Kanaviòð (1942; 1943a; 1943b ). Kanaviòð not only described the ice conditions in the Daugava River in winters of 1941/1942 and 1942/1943, but he also performed experimental research on formation of ice cover in fast-flowing reaches of rivers and on ways to release ice in the Daugava River where ice congestions and ice jams have formed (in particular, at Jçkabpils-Íegums river section). Glazacheva (Glazacheva, 1963; 1965) studied ice formation and break-up in rivers of Latvia, as well as the impact of the Íegums HPP on ice freeze-up and break-up dates. Pastors (Pastor, 1987) The objective of this study was to describe long-term changes (1919/1920 to 2011/2012) of ice phenology of the Daugava River in winter season, in relation to the impact of hydro power plants (in Íegums, Pïaviòas, and Rîga). (Ziverts et al., 2000) . The scheme of the Daugava River in the territory of Latvia is shown in Figure 1 .
MATERIALS AND METHODS

Description of the
The cascade of hydro power plants was constructed on the Daugava River in the 20 th century -Pïaviòas HPP, Íegums HPP, and Rîga HPP ( Table 1) . The Íegums HPP is the oldest large HPP in Latvia, which was constructed in 1939. The Pïaviòas HPP was built later, and is the largest HPP in the Baltic countries. The Rîga HPP, constructed in 1974, is the second largest HPP in Latvia. The cascade of HPPs controls the discharge regime, thermal conditions, and the ice processes downstream of the Daugava River.
Data and methods.
Ice phenology parameters (freeze-up date, break-up date, and duration of ice cover) were investigated in the Daugava River using records of the Latvian Environment, Geology and Meteorology Centre and the publication of the Marine Board by Stakle and Kanaviòð (1941) . The used hydrological stations (HS) and observation data series are presented in Table 2 .
The ice freeze-up date was assumed to be the first day of ice occurrence. The date of disintegration of the ice cover during a period with regular ice cover was assumed to be the ice break-up date. The duration of ice cover was calculated as the actual number of days during which ice occurred. Data series covering a period of twenty years before and after construction of the HPP were used to determine the effect of each HPP on ice phenology parameters. For statistical analysis, the freeze-up and break-up dates were expressed as the number of days since October 1. For trend analysis and the assessment of the HPP effect for years without ice cover, the freeze-up date was assumed to be March 10 (160 days after October 1) and the break-up date was assumed to be December 10 (70 days). These values are slightly higher/lower than the actual extreme values observed for each station.
The Mann-Kendall test (Hirsh et al., 1982; Hirsh and Slach, 1984) was used to identify trends in the annual river ice phenology parameters. The test was applied separately to each variable at each site, at a significance level of p < 0.05. Statistical analyses were performed using software R 3.0.2. (Anonymous, 2013) . The t-test at the significance level of p < 0.05 (Sokal and Rohfl, 1995) was used to compare the mean freeze-up date, break-up date, and duration of ice cover before and after construction of the HPP for twentyyear periods.
RESULTS
Long-term changes of Daugava River ice phenological parameters. Table 3 summarises the data on the ice freezeup and break-up dates and the duration of ice cover. Due to climatic conditions, the river usually freezes up earlier and breaks up later in upper reaches of the Daugava. The data series from the HSs at Piedruja, Daugavpils, Jersika, and Jçkabpils are long (till 2012) and cover the time period when global climate warming was observed at the turn of the 20 th to 21 st centuries. The observation periods are shorter at the other HSs, and the values of the ice phenology parameters were more or less determined by the construction of the cascade of the HPPs on the Daugava. In upper reaches of the Daugava River (HSs of Piedruja, Daugavpils, and Jersika) there were no years without the formation of ice cover on the river. The highest number of years without formation of ice cover was observed at the Pïaviòas HS, which was located at a rapid reach prior to the construction of the Pïaviòas HPP, explaining why the river did not freeze up often in that period of time.
The long-term changes of ice phenology parameters were statistically significant (Mann-Kendall test) for observation data series more than 60 years and extending up to 2012 (Table 4) . At the Daugavpils HS (Fig. 2) , for example, the ice freeze-up date had a positive trend, while the ice break-up date and duration of ice cover had negative trends. At these HSs, during the last decades, the ice formed later, broke up earlier, and the duration of ice cover was shorter. (Table 5 ) occurred at the Jaunjelgavas HS, which is located at the Íegums water reservoir 31 km upstream from the dam. Observations at this station showed that during the period 1939/1940-1957/1958 , ice formed earlier (33 days earlier) and broke up later (15 days later), also the duration of ice cover was longer (by 46 days), compared to the period before construction of the dam. Similar changes in ice phenological parameters were observed at the Dzelzlejas HS, which is located above the Íegums water reservoir (57 km up the dam). At the Ogre and Lipði HSs, which are located 12 km and 28 km below the dam, respectively, after construction of the dam the river froze up later and broke up earlier, and the duration of ice cover was shorter. The impact caused by the HPP on ice formation gradually decreases with distance from the dams.
Impact
To assess the impact of the Pïaviòas HPP, two periods were compared: the period 1947/1948-1967/1968 , before the HPP construction, and the period 1968/1969-1987/1988 , after construction (Table 6 ). The impact caused by the Pïaviòas HPP can only be assessed based on observations at the Pïaviòas HS (41 km upstream from the dam). There are no HSs located downstream from the dam within the area subject to direct impact of the HPP. The study showed that, following the construction of the HPP, the ice formed 68 days earlier and broke up 69 days later, and the duration of ice cover was 80 days longer at the Pïaviòas HS. All these changes are statistically significant at the level of p < 0.05. These dramatic changes can be explained by the fact that the Pïaviòas HS was located at a rapid reach of the river, which did not often freeze up before construction of the dam. After the construction of the water reservoir in 1968, this river reach freezes up every year.
In 1974, the third HPP on the Daugava River, the Rîga HPP, was commissioned, which was built 36 km from the river mouth. Two study periods were compared: the period 1953 /1954 -1973 /1974 , before the HPP construction, and the period 1974 /1975 -1992 /1993 , after construction (Table  7) . In this case, the impact caused by the Rîga HPP can be assessed using data from the Maruðka and Sarkanais Kvadrâts HSs located 6 km and 12 km from the dam, respectively. Significant changes in ice phenological parameters were observed at the Maruðka HS: ice formed 58 days later, it broke up 41 days earlier, and the duration of ice cover decreased by 91 days. During this period of time, the ice regime was affected both by the HPP and also by global climate warming, particularly at the end of the 1980s. This is confirmed also by observations at the hydrological stations located in upper reaches of the Daugava River (Piedruja, Daugavpils, Jersika HSs). 22-1938/39; 3 1931/32-1938/39; 4 1930/31-1938/39; 5 1926/27-1938/39 and 1939/40-1956/57; 6 1928/29-1938/39; 7 1922/23-1938 Kïaviòð et al. (2009) , in Lithuania by Stonevicius et al. (2008) and Ðarauskienë and Jurgelënaitë (2008) , and in the Northern hemisphere by Magnuson et al. (2000) . During recent decades, rivers have frozen up later and ice broke up earlier, and the duration of ice cover decreased. Changes in the ambient air temperature and the distance from the Baltic Sea are among the major factors determining the formation and the break-up of ice (Ðarauskienë and Jurgelënaitë, 2008; Kïaviòð et al., 2009) . Lizuma et al. (2007) found that the annual mean air temperature in Latvia increased by 1.4°C during the last 50 years. In the study period from 1950 to 2003, the highest increase in the mean air temperature was recorded in spring (March-May) and early winter (November and December).
T a b l e 4 RESULTS OF MANN-KENDALL TEST FOR ICE FREEZE-UP AND BREAK-UP DATES AND DURATION OF ICE COVER
Anthropogenic activities, in particular, construction of the HPPs cascade, also affected ice phenological parameters on the Daugava River in the middle and lower reaches. Large water reservoirs are created by construction of a dam. In the reservoirs, ice forms earlier, breaks up later there and the duration of ice cover is longer. Construction of a water reservoir results in less water exchange and more rapid cooling of the upper layers of water. During the cold period of a year, inverse thermal stratification is observed, i.e. water temperature at the bottom is higher than at the surface. In the warm period, water coming from deeper layers of the water reservoir cools the Daugava River. Downstream of the HPP, in the cold period, the process is reversed, i.e. water warms up, freezing is delayed, and early break-up occurs.
The results of our study are similar to those of Glazacheva (Glazacheva, 1963; 1965) on the impact of the Íegums HHP on the freeze-up and break-up dates of the Daugava River during the period from 1928 to 1960. After construction of the dam, at the Jaunjelgavas HS the river froze up one month earlier and ice broke up four days later, and at the Ogres HS, the Daugava froze up 27 days later and broke up seven days earlier. Until now, no studies have been performed on the impact of the Pïavinas HPP and the Rîga HPP on changes of Daugava ice phenological parameters. In a study by Ðarauskienë and Jurgelënaitë (2008) , on impact of the Kaunas HPP in Lithuania on ice forming processes in the Nemunas River, the greatest impact of construction of the dam was observed at Kaunas and Lampëdþiai HSs, where ice cover during the study periods (1931-1960 and 1961-1990 ) decreased on an average by 15 and 5 times, respectively. After construction of the dam, in 1960, the average ice freeze-up date at Druskininkai and Nemajûnai HSs was slightly earlier, whereas at the other HSs the river froze later than in period of 1930/61.
